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1 A 50-kDa fragment repreyenting the Nllz-terminus of the heavy siibiuiit of botulinum type A neurotoxin 
was found, at low pH, to evoke the release of K+ from lipid vesicles loaded with potassium phosphate. Similar 

release was also observed with the intact neurotoxin, its heavy chain and a tragment consisUng of the light 
subunit linked the 50-kDa NHj-tcrmtnal heavy chain fragment. The Ught subunit alone, however was inactive. 

2 In addition to K"^, the channels formed in lipid bilayers by botulinum neurotoxin type A or the NHa- 
terminal heavy chain fragment were found to be large enough to permit the release of NAD (Mr 665) 

3. The optimum pH for the release of was found to he 4,5. Above this value release rapidly decreased 
and was undetectable above pH 6.0. , .j j lj- u i i r 

4 The binding of radiolabelled botuUnum toxin to a variety of phosphohpids was assessed. High levels ot 
toxin binding were only observed to lipid vesicles with an overall negative charge; much weaker bmding occurred 
to lipid vesicles composed of electrically neutral phospholipids. . ^. ^ + , r x-a 

5 A positive correlation between the eiliciency of toxin-binding and the efiicicncy of K release from lipid 
vesicles was not observed. Whereas Upid vesicles containing the hpids cardiolipin or dicetyl phosphate bound tiie 
highest levels of neurotoxin, the toxin^voked release of was low compared to vesicles conlaimng either 
phosphatidyl glycerol, phosphatidyl serine or phosphatidyl inositol. , , • . . -^t^ 

6. The hnpHcattons of these observations to the mechanism by which the toxin molecule is translocated mto 
the* nerve ending arc discussed . 



The neurotoxin of Clostridium botulinum type A (BoNT/ 
A) is a 145-kDa protein which acts primarily at the 
neuromuscular junction causing muscular paralysis by in- 
hibiting the release of the neurotransmitter acetylcholine [1 , 2]. 
I'hc toxin is a two-chain molecule comprising a light subunit 
(55 kDa) linked by a disulphide bridge to a heavy subunit 
(95kDa) [3]. The neuroparalytic activity of BoNT/A is 
thought to be accomplished in at least three stages: an initial 
binding stage, an intern alisation stage and then one or more 
steps which disable the acetylcholine release mechanism. 
BoNT/A has been shown to bind specifically to acceptors on 
rat brain synaptosomes with high atTmity {K^ = 0.6 nM) by 
an active-site region located on the heavy s\ibunit whicli is 
believed to bind the toxin to the presynaptic surface of 
cholinergic uerve endings prior to iutemalisation L4, 5]. Little 
is presently known about the mechanism by which the toxin 
is internalised* The process is energy-requiring and tnay rc- 
^mble the process of receptor-mediated endocytosis [5J. The 
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molecular mechanism by which the toxin inhibits transmitter 
release is still completely unknown. 

Botulinum toxin is structurally similar to both tetanus and 
diphtheria toxins and for both the latter toxins it has been 
demonstrated that an NH^-terminal portion of the larger 
subunit induces pore formation in Upid bilayers, a property 
which may be relevant to the transport of an active toxin 
fragment into the cytoplasm [6—81. Using planar lipid bi- 
layers, similar pore formation by both botulinum type Ci 
neurotoxin [9] and the heavy subunit of boluhnura type B 
neurotoxin has also been demonstrated [lOJ. 

In this study, using liposomes of defined phospholipid 
composition, it is shown that BoNT/A is capable of forming 
channels in lipid bilayers at low pH. It is further demonstrated 
that this channel-forming activity is retained by a 50-kDa 
fragment representing the NHa-terminal portion of the heavy 
subunit. The properties of the lipid-loxin interaction arc ex- 
amined and discussed in relation to a possible mechanism for 
toxin intcmalisation. 



MATERIALS AND METHODS 
Materials 

Phosphatidyl glycerol, phosphatidyl ethanolamine, phos- 
phatidyl serine, phosphatidyl inositol, soybean phosphatidyl 
choline (type IIS), cardiolipin, dicetyl phosphate and 
gramicidin were obtained from the Sigma Chemical Com- 
pany. Phosphatidyl choline (lecithin grade I) and urea (Aristar 



BEST AVAIIABLE COPY 



176 



s— s 



H2HU' f r r r fl h/fraomenT fH,FB 



-HjL FRAflMEMT- 



FRAGMENT 
TRYPSIN 



□ COOH 



Kig. 1. Closlridiuiii botiilinum type^-A neurotoxin 



eradc) were supplied by BDH Cbemicals Lid. [carhonyl- 
i*C]NAD and ['"qiodine were obtained from Amcrsham 
Interiiational. 



Purification 0/ Clostridium botulitium type A neurotoxin 
and'its tryptic. fragments 

C. hotulinum type A neuroloxin was purified to a specilic 
loxicilv of 1 2 H 10" mouse LD50 mg-^ by affinity chroma- 
togmphy on;.-aminophenyl-/?-i>-thiogalactopyranobidc as de- 
scrib<!d previously [1 H- The H^L fragmeal (s«e Fig. 9 JP^f ^ 
toxicity 6-12x10^ mouse LD50 "ig- ') was piirdied by a 
.nodifkation of a previously d«^ribed Pl^-ff "'"^^ 
Botulinum neurotoxin (40 mg in 15 ml) in 0.15 M Tnb/HCl 
buffer, pH K.O conUining 100 mM NaCl was treated with 
IrvDsiA f50 U8 ml ') for 72 96 h at 20"C, dialysed against 
io'SMulthalSlamine butler, pH 7.« containing 100 mM 
NaCl filtered (0 22 pm pore size) and then chromatographed 
(fast protein liquid chromatography sysleiii, Pha^mf jf >„^" » 
Mono Q column (HR 10/10, Pharmacia) equilibrated in the 
latter buffer. The column wa.s washed with a furlhcr 100 m 
of the triethanolaminc buffer and then tlie H^L fragment 
eluted with Iriclhanolamine buffer (20 mM pH 7^8) contam- 
ins 200 mM NaCl. The purified fragment (as 1.5 mg ml 
was made 5 ml" ' with trypsin ««h*bitor dialysed affimsi 
0 1 5 M Tri.s/HCl buffer, pH 8.0 conlaining 50 mM NaCl and 
stored al - 20"C. The heavy chain and H2 fragment ol 
bolulinum type A neurotoxin were purified from the 
neurotoxin and H^L fragment respectively by Pr«;;JPi!^^"'f 
the light subunit in the presence of 2.5 M urea. 1 M NuCl and 
100 mM dithiolhreitol as described previously 111]. The light 
stibunit of botulinum type A neurotoxin (< 100 mouse LD50 
mg- 1) was purified from the H3L fragment by the method of 
Kozaki et al. {121. 

Preparation of liposomes and K' release Mudius 

Lipid vesicles were prepared essentioUy by the method of 
Enoch and Slrillmatter [13]. Phospholipid mixtures (60 |iraol 
SSl Md) were suspended in .^^ O'l^^-^'r S 
phosphate buffer, pH 7.2 contaimng ImM EDTA 
10 mM sodium deoxycholute and then briefly sonicat^ (three 
5-8 periods, Dawe Instrument type 7530 A, setting 3) in icc 
under nitrogen gas. Sodium dcoxycholatc was amoved from 
the liposomes by dialysis three limes against 500 ■^•j^J^ 
potassium phosphate buffer, pH 7.2 contaming 1 ^nM RDTA 
at 4 "C Soybean phosphoUpids were first washed with acetone 
prior to liposome preparation [141. Liposomes made with 
0.1 M potassium acetate buffer pH 4.5 were prepared by the 
freeze-lhaw leolmique of Kasahara and Hinkle IMJ- 

Detcction of K"" release from lipid vesicles was carried 
out essentially as described by Boquel and Duflot [8]- Lipid 
vesicles (50 v\) w*iK added to 15 ml of the appropriate buffer 
and slowly stirred. Potassium release was monitored using a 
Philips K+ electrode connected via Philips model 9421 pM 
meter to an Oxford Instruments 3000 chait recorder. 



Release of ^^C] NAD from liposomes 

For studying the release of ('^CINAD. liposomes were 
prepared as above with 3 ml 0.1 M sodi^nj Pi\°sph?*%^^^[f«. 
pH 7 2 containing 1 mM EDTA and ['*C1NAD (37 kBq 
jnl-') using half the concentration (5mM) of sodiuni 
deoxycholate. The detergent was then removed by gel lillra- 
tion on a column of Sephadex G-50 (25 x 3 cm) «qui>'t>"ied m 
potassium phosphate buffer pH 7.2 containmg 1 mM ED FA. 
Liposomes, eluted in the void volume, were then dialysed 
afMinst 1 \ of the latter phosphate buffer. Release of NAD 
was assessed with 1.5-ml portions of lipo.some prcparatioas. 
After diluting to 11.5 ml with 0.1 M sodium ucelale buffer. 
pH 4 3 (to give a final pH of 4.5) either buffer, toxin of Triton 
X-100 was added and the mixture incubated lor 30 min ai 
90 before being centiifuged at 200000 x;? for 1 h. Portions 
(1 ml) of the supernatant tluid.<? were removed and their radio- 
activity assessed by scintillation counting. 



Binding of radioiodinated bolulinum neurotoxin to lipo.wmes 

Botulinum neurotoxin, radioiodinated using cUoramine- 
i f41 was mixed with unlubelled toxin to give a specific activiiy 
of 17 MBq mg ' and further diluted with 0.1 M sodium 
phosphate buffer, pll 7.2 containing 1 mg ml "vulbumm 
to a neurotoxin concentration of 100 ng (0.17 MBq) ml - 
Liposomes (0.5 ml) prepared as described above ^ere mixed 
With 11 ml 0.1 M sodium acetate biilter, pi I 4.4 and 100 nl of 
the radiolabelled toxin solution, incubated for 30 nun at 2U u 
and then centrifugcd at 200000 xx for 1 h. The supernatant 
nuid was carefully removed and the excess Huid allowed lo 
drain from the liposome pellet by inverting the tubes for 
^ min. The liposomes were rcsuspcndcd in 1 ml 0.1 M sodium 
phosphate buffer, pH 7.2 and the radioactivity m 100-|il 
portions measured. 



RHSULTS 

Release of K* , • ; , 

from phosphatidyl choline/phosphatidyl glycerol vesicles 

Addition of 10 ng of the channel-forming polypeptide 
gramicidin to phosphatidyl choline/phosphatidyl g^yccr-w 
Onolar ratio, 1 : 1) liposomes (PidCho/PldGro yesicles) loaded 
with K ' caused a rapid (< 30 s) releases of K at pH 4.i 
(Fig 2a). No further relea.se of was delected when if 
additional 10 (ig gramicidin was added, indicatmg that a HW 
available K ' had been released. An eqmvalent quantity o 
K ' was liberated al pH 7.2 showing that the low pH had no 
anected the integrity of the vesicles. _>.ni 0 

Addition of increasing amounts of the Hj fragmcm " 
botulinum type A neurotoxin to PtdCho/PtdGro v«icl 
suspended in butler at pH 4.0 evoked the release of K lo" 
(Fig 2b and c). Under the expcrimenlal conditions, the aoa 
tion of 1 nmol of the H2 fragment released all of the ayaiWP 
K' in less than 1 min; addition of gramicidin at this ^ 
caused no further relea.se of K+. Treatincnt of the vesici 
with a further portion of the H2 fragment after gr^micia 
treatment had no effect of the baseline value. At pH 7.-. i 
Hi fragment was completely ineffective at relca.smg K 
vesicles (Fig. 2d). . 

Analogou-s experiments conducted with the id' 
neurotoxin, heavy chain and H^L fragment of Bv^> 
vielded qualitatively similar results. The results for theini^ 
toxin are shown in Fig.3a-c. Al pH 4.0, BoNT/A, the M 
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Fig. 2. Reifio.'ie. ofK^ from PtdCha/PuiGro vakies by the H 2 fragment 
oJ ftnNTIA, (a) After addition of vesicles tu t).l M sodium acetate 
buJTt5ra>H 4.0,gramicidin(G, 10 ^dofl mg ml" ' solution in cthanol) 
wus added. When maximal response had been obtained, the baseline 
was adjusted to 7ero and KCl (K, 10 ^1 of a 20 mM KCl solution) 
was added a& u sUmdurd. (b, c) After the addition of the fragment 
buffet as a control (B), the H2 fragment was added lo vesicles in 
0.1 M sudiuui acehilc buffer, pH 4.0, at the indicated amounts. At 
insixinial response, the baseline was returned to 7Jtro and gramicidin 
aOded as above (CJ) followed by baseline adjustment and further 
addilion of the same amount of the II2 fragment. Finally KCl stan- 
dard was added as in (a), (d) The fragment wa.s added to ve^cles 
in 0,1 M sodium phosphate buffer, pll 7.2; additions of biilTer (B), 
gramicidin (G) and KCl (K) were descrilTcd in (b). The volume of 
the reaction mi?:ture in each case wa-s 1 5 ml 



fragment and the heavy chain were found to be more eflicient 
at releasing K"** from PldCho/PtdGro vesicles than the H2 
fragment ; on a niolax basis 4— 5-fold less of the heavy chain, 
HaL fragment and intact toxin coiisistenlly gave the same 
release of as the H2 fragment. Al pH 4.5, however, H 2 
fragment was equally as effective at releasing K* from lipid 
vesicles as the intact neurotoxin (see below). As found for the 
Hj fragment, at pH 7,2 intact toxin (Fig. 3c) heavy subunit 
and HjL fragment did not release K * from hpid vesicles. 
The liglit subunit of BoN T/A was ineffective at releasing 
from lipid vesicles at both pH 4.0 (Kig.3d) and pH 4.5. 
BolMT/A which had been inactivated with formaldehyde re- 
tained less than 3% of the -releasing activity of the native 
neurotoxin. 

Similar results were obtained when crude soybean 
phospholipid vesicles were substituted for the PtdCho/PldGro 
Vesicles. I'hc amount of the neurotoxin and its fragments 
required to release all the from soybean lipid vesicles, 
however, had to be increaj«id by 3 — 5-fold over that required 
for PtdCho/PtdGro vesicles. 



Fig. 3. Release of from FtciChofFidGro vesicles by BoNTjA and itx 
Uffht subunit. (a, b) BoNT/A (1 A) was added to vesicles in 0.1 M 
acetate buffer, pH 4.0, at tht indicated amounts, (c) BoNT/A was 
added to vesicles hi 0.1 M sodium phosphate buffer, pH 7.2. (d) Light 
subunit (LS) wus added to vesicles in acetate buffer pH 4 at the 
indicated amount. Baseline adjustments and additions of the fragment 
buffer control (B), gramicidin (G) and KCl (K) were as described in 
Fig. 2 




Fig.4. Effkr.t of pll on the release of from FidChojPtdGro vesicles 
by BoNTlA and it.t H^, fragment. Liposomes (50 ^1) were suspended 
in 15 ml 0.1 M sodium citrate/sodium phosphate buffer at each pH 
and 0.2 nmol of cither BoNT/A (•) or the Hj fragment (A) added. 
The amount of K ' released was assessed by measuring the response 
80 s after addition of the toxin and expressing this value as a percent- 
age of the response obtained with the gramiddin control at the same 
pH value. Values represent the mean of at least five measurements 
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Table 1. RrW of f'^ClNAD from PtdCholPtdCro vesicles by 
Bo NT/ A or Us Hifragnufnt at pH 4.5 

The amomit of NAD released after disruption of the liposomes with 
Trilon X-100 was taken afi 1 00% release 



irealiiieuC 

OJ lipU»OIl»C> 


Total in the 
supernatant fluid 


Average 
NAD releafsed 




1 


2 










% 


Conlrol 

(no addition) 


6520 


7394 




Intact BoNT/A 
(2 ninol total) 


11994 


12914 


8R.7 


Hifragmcnt 
(2 nmol total) 


10764 


11741 


802 


Trilon X-100 
(1 Vo final concn) 


13328 


14731 


100 



I able 2. Binding of^^^I-SoNTlA io, und release of from liposorne:s 
of differen ( phospholipid composition 

For the assessment of BoN i/A binding eiich incubation inixtwe 
(1 1 5 ml) contained 10 |ig neurotoxin (17 kBq) and 10 ^iniol lipid. The 
percentage of K"' released by 0-2 nmol BoNl/A from liposomes in 
0.1 M sodium acetate biJlTcr, pH 4.5 was assessed as descnbed m 
Fig. 4 



Phospholipid composition 
of liposomes (molar ratio) 



^"I-BoNT/A 
bound 



K* released 



% total 



PtdCho/FtdGro(l:l) 

Soybean 

PtdCho 

PtdCho/PtdEIn (1:1) 
PtdCho/Pldlns (1:1) 
PtdCho/PtdScr{l:l) 
PldCho/cardiolipin (2:1) 
PtdCho/dicctylphosphatc (2:1) 
Negative control 



51 
71 
4 
10 
65 
46 
80 

yo 

3 



±5.0 
±4.5 
0 ± 0-6 
5 ±4.0 
+ 2.4 
±7.0 
.5 ± 9.7 
±4.3 
3±1.» 



>95 
63 ±16 
<5 
<5 
>95 
>95 
31 ±6-6 
<5 



Release of ['""CINADfrom PtdCholPtdCro vesicles 

At pH 4.5, addition of cither BoNT/A or the H2 fragmeui 
lo PldCho/PtdGro vesicles loaded with ['^QNAD released 
over 80% of the total radioactivity (Table 1 ). Values obtained 
lor the release of NAi> in the presence of the neurotoxin 
consjistcnQy were close to double those of control values 
obtained iu the absence of toxin, indicating that the membrane 
channels formed by BoNT/A are large enough to permit the 
release of NAD molecules {Mr 665). 



Binding of ^^^I-BoNTjA to and release of from liposomes 
of different phospholipid composition 

At pH 4.5, the highest levels of ^^^Mabclled BoNT/A 
binding were observed to liposomes comprising phospholipids 
with a net negative charge; liposomes incorporating either 
PtdGro, Ptdlns or PtdSer bound approximately 50% of the 
total to;dii and those including either dicetyi phosphate or 
cardiolipin, over 80% of the total toxin (Table 2): In contrast, 
much lower toxin binding was observed to liposomes made 
with the neutral phospholipids PtdCho and PtdEtn. At 
pH 7.2, however, less than 7% of the radiolabelled toxin was 
recovered in the liposome pellet regardless of the phospholipid 
composition. The binding of botuhnum toxin to PtdCho/ 
PtdGro vesicles was found to be partially rcvcrsdblc In that 
45% of the toxin bound to the liposomes at pH 4.5 could 
be released when the pH was raised to 7.2. lodination of 
BoNT/A did not affect the pore-forming properties of the 
toxin. Neurotoxin iodinatcd wiUi increased concentrations of 
iodine, resulting in approximately 4 mol iodine/mol toxin, still 
retained more than 90% of the channel-forming ability of the 
untreated controls. 

Whereas low levels of toxin binding to liposomes were 
associated with poor release of K"*^ from the lipid vesicles, high 
levels of binding were not always accompanied by cfTicicnt K 
release, llius, although lipid vesicles prepared from either 
dicetyi phosphate or cardiolipin appeared to display the 
highest affinity for the neurotoxin, toxin-associated release of 
K * from the.% vesicles was low compared to that from vesicles 
comprising cither PtdGro, PtdSer or Ptdlns. Similarly, 
compared to lipid vesicles containing the latter three 
phospholipids, the toxin-induced release of K**" from soybean 
phospholipid vesicles was significantly lower even though all 
these liposome preparations bound comparable amounts of 
toxin (Table 2). 



h:ffe(:t ofpM on the release ofK' from lipid vetiivlvs 

At extra-vesicular pH values between 4.5 and 6.0, the 
extent to which was released from PtdCho/PtdGro 
vesicles was similar for both the intact botulinum neurotoxin 
and its H2 fragment. Maximal release occurred at pH 4.5 
(Fig 4): above pH 4.5 the release rapidly decreased and 
was undetectable above pH 6.0. At pH 4.0, however, while 
the K ' release by the intact neurotoxin was only slightly lower 
than that observed at pH 4.5, an almost fourfold reduction in 
K ^ relea.se by the H2 fragment was observed. 

Changes in the pH value of the intra-vesicular environ- 
ment did not appear to affect significantly tlie release of K"^ 
from lipid vesicles, liposomes containing 0.1 M potassium 
acetate buffer at pH 4.5 instead of potassium phosphate buf- 
fer at pH 7.2 were found to release similar amounts of K* 
when the extravesicular environment was reduced to pH 4.5 
in the presence of botulinum toxin. 



DISCUSSION 

The molecular details of the events leading to internalisa- 
tion of botulinum toxin (or an active toxin fragment) into 
the cytoplasm of presynaptic nerve cells are only vaguely 
understood. Acceptor molecules present on the prcsynapUc 
nerve surface bind tightly to the molecules of neurotoxin 
which then cross the outer plasmalcmma by an energy-dc- 
pendent process resembling receptor-mediated endocytosis 
[5]. The mechanism by which the toxin penetrates the Hpi^ 
bilayer, whether it be the membrane of the plasmalemmtt 
or an endosomal vesicle, however, is still unresolved. UV^^ 
bilayers in the form of liposomes provide a convenient mode 
for studying these mcmbranc-toxin interactions. In the pretient 
study we show that a 50-kDa NHi-terminal fragment (H2) "J 
BoNT/A is able to form channels in unilamellar vesicles at 
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lAW pH which are large enough to allow the lelease of K ' 
d NAD**" Similar chancLel-forming activity was also ob- 
!f^ed with the intact neurotoxin, its heavy subnnit and 11 
J^Lment. This properly of the neurotoxin appears to be 
nnfined to the heavy subnnit since no channel-fonnmg activi- 
r was evident in purified samples of the neurotoxin light 
abunit In addition , the similarity observed between the pote- 
fnnning activities of the heavy subunit and the H2L fragment 
luEgests that Hi fragment of the neurotoxin hass httle or no 
rhonnel-forming activity compared to the fragment. 

The pH optimum of 4.5 for membrane channel formauon 
observed for type A neurotoxin is close to values obtained in 
^milar studies with diphtheria toxin [7] and tetanus 18] and 
botulinura type B n<?urotoxins [10]. Botulinum type Ci 
neurotoxin, however, has recently been reported to form 
channels in planar lipid bilayers at a higher pH optunum of 
6 1 [91 One explanation for the low pH requirement of type 
A neurotoxin for membrane channel formation is that as 
the pTi is lowered a hydrophobic site is exposed on the H2 
component which facilitates membrane binding. Supportive 
of this proposal is the observation that radiolabelled 
bolulinum neurotoxin binds strongly to PtdCho/PtdGro 
vesicles only at low pH. The exposure of a hydrophobic re- 
gion induced by protein conformation changes at low pH, 
has also been proposed to explain the pH-dependent insertion 
of diphtheria (15, 16] and tetanus toxin [8] into Upid bilayers. 
Whatever the mechanism of pore formation for BoNT/A, a 
pH gradient across the membrane does not appear to be 
required since reducing the intra-liposomal pll from 7.2 to 
4.5 did not affect the toxin-induced release of K"^. 

Radiolabelled botulinum type A neurotoxin, at low pH, 
bound to a variety of liposomal phospholipids. High levels 
of toxin bindmg, however, were observed only to liposomes 
comprising phospholipids with an overall negative charge; 
I liposomes consisting of electrically neutral lipids displayed 
a much weaker interaction with the toxin. The binding of 
neurotoxin to lipid vesicle membranes was not always aeeom- 
, panied by the formation of membrane channels. While the 
loxin bound strongly to lipid vesicles consisting of either 
soybean phospholipids, cardiolipin or dicetyl phosphate, the 
release of K ' from these vesicles was significantly less than 
that observed from Uposomes consisting of either PtdGro, 
Ptdlns or PtdSer which appeared to bind the toxin less 
siroDgly. These observations may indicate that toxin binding 
' and channel formation are two distinct events in which case 
some phosphoUpids, while allowing the toxin molecule to 
bind, may inhibit the subsequent channel-forming stage. A 
! siniilar mechanism has been suggested for botulinum type Ci 
neurotoxin for which it has been suggested that aggregates of 
the toxin may be involved in channel formation [9]. 
\ Mtematively, it could be argued that the neurotoxin is able 
I to bind the lipid bilayer in several configurations, not all of 
I which are conducive to the formation of a membrane channel. 

Whether the toxin binds in a channel-forming configuration 
i w not could, then, be influenced by the nature of the mem- 
: brane phospholipids. The lack of a positive correlation be- 
. tvvcen toxin binding and pore formation suggests that a 
specific toxin conformation is required before membrane 
«;hannels can form and argues strongly against the possibility 
ihat the release of from liposomes is simply due to a non- 
specific disruption of the integrity of the membrane surface 
Ihe toxin binds. The inability of formalin-inactivated toxin 
release K* from liposomes and the reduced channel- 
forming activity of the H2 fragment at pH 4.0 also support 



the view that there is a requirement for a ^jecific toxin 
conformation to enable the formation of membrane pores. 

Whether or not the channel-forming activity observed for 
the H2 fragment of BoNT/A plays a significant role in the 
neuroparalytic activity of the neurotoxin is uncertain. The 
ability to form membrane pores at low pH has been found to 
be a common characteristic of a number of bacterial toxins; 
in addition to the other botulinum neurotoxins so far studied 
(types B flO] and Ci [9]), similar channel-forming activities 
have been demonstrated in fragments analogous to the H2 
fragment of BoNT/A in both tetanus [8] and diphtheria [7] 
toxins. In the case of diphtheria toxin direct evidence has 
recently been obtained that illustrates the importance of a 
low extravesicular pH in the translocation of the enzymically 
active fragment A across lipid bilayers [17], Using liposoines 
containing the toxin substrates NAD"^ and elongation 
factor 2, it was shown that only at low extravesicular pTl and 
using intact diphtheria toxin could the enzymically active 
fragment A enter the liposomes and catalyse the ADP- 
ribosylalion reaction. It is tempting to speculate that a similar 
translocation mechanism could operate for botulinum toxin. 
If, as has been suggested [5], BoNT/A initiaUy enters the nerve 
by a process similar to receptor-mediated endocytosis, then 
the addic environment which develops in the endosome 118| 
should induce the toxin to insert itself in the lipid bilayer. 
Whether or not the toxin or a toxin fragment subsequently 
enters the cytosol has yet to be determined. Recent studies 
niay favour the translocation of the whole toxin since intact 
BoNT/A intracellularly injected into chromaffin cells strongly 
inhibits secretion 1191. Substantiation of such an interaal- 
isation meehanism would imply that the heavy subunit of 
BoNT/A plays a role in at least two stages in the action of 
the neurotoxin: firstly, in the binding of the toxin to the 
presynaptic nerve surface, most probably by an active site 
region located on the Hi fragment [111, and secondly, in 
the translocation of the toxin or a fragment into the cytosol 
mediated by the component. 

Clearly, in the light of the present findings and those with 
otlier bacterial toxins the interaction of botulinum neurotoxin 
with Upid bilayers at low pH is worthy of continued investiga- 
tion. 

The authors thank Howard Tranter, Nigel Bailey, Roger Rhind- 
Tutt and Julia Mcdcraft for their assi-stancc in completing this study. 
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